INFLAMMATION IS A UNIVERSAL response to all events disrupting tissue homeostasis, such as infection, injury, ischemia, stress, and malfunction. Although inflammation has traditionally been viewed as a pathophysiological phenomenon with negative consequences, its primary roles are actually positive, those of eliminating the offending cause and mediating host defense, thereby allowing tissue repair and restoring tissue homeostasis (33) . Because inflammation can assume drastically different features depending on the trigger, location, and duration, its outcome can have numerous and diverse pathological consequences. This is because inflammatory and immune processes act simultaneously on many different cell types, leading to both shared and distinct disease outcomes (29) . Prominent among the latter is fibrosis, a response characterized by an excessive deposition of collagen and other extracellular matrix (ECM) molecules formation of scar tissue to heal a wound. Paralleling the behavior of inflammation, fibrosis can also display several diverse features depending on the trigger, location, and duration. Fibrosis varies from minor and inconsequential scars to major and extensive fibrotic responses that severely compromise tissue and organ function (64) .
All tissues and organs of the body are susceptible to fibrotic disorders (36) . Some of these have received considerable attention from clinical and basic investigators alike, such as liver cirrhosis, idiopathic pulmonary fibrosis, and kidney fibrosis. Other organs affected by fibrosis have received far less attention even though significant organ dysfunction and morbidity is associated with the fibrotic response. Fibrosis of the gastrointestinal tract occurs in inflammatory bowel diseases (IBD) as a consequence of chronic inflammation and can have very serious clinical and pathophysiological consequences, including morbidity, hospitalizations, and associated costs. Yet relatively little attention has been devoted to this important problem. Therefore, this and the articles in this themes series on fibrosis in the gastrointestinal tract and liver are intended to specifically address this important topic, assess current knowledge of the intestinal response to inflammation, compare with other organs, review inflammation-driven fibrosis of gastrointestinal tract or liver, highlight research needs, propose new research pathways, and discuss diagnostic and therapeutic implications.
Components of the Intestinal Fibrogenic Response
When normal tissue homeostasis is disrupted by an inflammatory insult, the affected cells set in motion a multiplicity of mechanisms whose ultimate goal is to fully restore normal tissue composition and function. This can be done through two basic mechanisms, regeneration or repair, each having distinct implications regarding success in reestablishing tissue homeostasis. As hinted in the introduction, reestablishment of tissue homeostasis will depend on the type, extent, severity, and duration of the inflammatory process, and also the type of tissue being compromised. In tissues with a high potential for renewal, such as the gastrointestinal epithelium, complete regeneration and restoration of normal tissue architecture are possible as long as inflammation is superficial and of limited duration. This is, for example, the case with uncomplicated gastroduodenal peptic ulcers (Fig. 1 ). Regeneration is probably also possible in stable tissues, such as the intestinal muscle layers that can respond to tissue injury and loss with compensatory growth, a phenomenon more often observed in parenchymal organs like the liver and kidney (Fig. 1) . When regeneration and repair fail to achieve restitutio ad integrum, then the intestinal tissue will continue to try to repair itself. A localized but recurrent inflammatory wound can lead to formation of a discrete scar, as seen in a sigmoid colon subjected to repeated bouts of acute diverticulitis with inflammation followed by circumscribed fibrosis with or without stricture formation (Fig. 1) . In situations in which inflammation is severe and persistent, as typically observed in IBD and particularly Crohn's disease (CD), the intestine continuously responds to chronic inflammatory aggression by relentlessly attempting to repair tissue. This can lead to scar tissue that permeates the whole tissue architecture, and ultimately to major functional impairment (Fig. 1) .
Intestinal Inflammation Drives Intestinal Fibrosis
Regeneration and repair in intestinal inflammation represent biological goals that have practical clinical implications. In fact, in IBD, attaining endoscopic and histological mucosal healing is currently considered a key parameter in assessing response to therapy (30) and is viewed a positive step toward long-term resolution of disease. Evidence supporting the practical importance of returning intestinal tissue to normality is provided by long-term follow-up of CD and ulcerative colitis (UC) after treatment with anti-inflammatory drugs: those who achieve mucosal healing have a significantly lower rate of surgery compared with those who do not (15) . Therefore, how the intestine responds to inflammation is critical not only in regard to treatment, but also to the long-term outcome of the primary disease process. Patients with CD provide useful examples of differing responses to inflammation. Although all patients implicitly have inflammation at the beginning of the disease, patients typically present with continued inflammation, fistula (a connection or passageway between organs or vessels that do not connect), or a stricture (a narrowing of the basal lumen). The longer the follow-up of CD patients, the fewer of them will remain free of inflammation, fistulae, and strictures, implying that the underlying inflammation may result in different clinical outcomes but is essentially a lifelong process (6) . These clinical observations are central to the biological argument that, in conditions like CD and probably other chronic intestinal inflammatory conditions, inflammation is accompanied by a response where fibrosis is an inevitable or very common component. The location of inflammation is probably a major determining factor of where fibrosis will develop and whether it is clinically symptomatic. In CD, inflammation is typically transmural and so is the ensuing fibrostenotic response, whereas, in UC, inflammation is limited to the mucosal layer and a fibrotic response is virtually limited to the mucosal layer (24) . In CD, transmural inflammation and fibrosis typically affect the narrow-caliber small bowel such that thickening of the bowel wall due to fibrosis more frequently results in symptomatic stenosis or stricture.
Intestinal Fibrosis Follows Diverse Types of Inflammation
Accepting the premise that intestinal fibrosis is the consequence of the response to components of inflammation, then the question becomes which cellular and soluble components incite and perpetuate the local fibrogenic process. Chronic inflammatory infiltrates, like those observed in IBD, are eminently nonspecific and rich in neutrophils, T and B cells, macrophages, and other numerically less prominent cells. Many of these immune cell types interact with and activate local mesenchymal cells and stimulate them to mediate tissue remodeling and repair, through either direct cell-to-cell contact or the secretion of soluble factors (3, 7, 17) . This response of mesenchymal cells is not limited to nonspecific immune responses. Even when the inflammatory infiltrate is triggered by a specific type of immune response, like the T helper (Th)-2 response that accompanies allergic disorders, it is possible to have a florid profibrotic process, as has been recently documented in patients with eosinophilic esophagitis (1). This, of course, supports the notion that gastrointestinal fibrosis is indeed a broadly based reaction to many different types of inflammatory injury.
Multiple Cellular Sources of the Excessive ECM in Intestinal Fibrosis
A wealth of evidence has demonstrated that "activated" hepatic stellate cells are the sources of ECM in fibrotic liver. In the gastrointestinal tract, the situation is complicated because there are multiple types of mesenchymal cells, and under normal conditions these cells elaborate ECM, which is important for normal tissue architecture. In uninjured intestine, subepithelial myofibroblasts, and subepithelial, submucosal and serosal fibroblasts are major sources of ECM. Healthy gastrointestinal smooth muscle layers show little accumulation of ECM. In IBD, fibroblasts, myofibroblasts, and smooth muscle have all been implicated as cellular mediators of fibrosis. This themes series highlights evidence that additional cell types are involved. For example, stellate cells are not exclusively found in liver but are found in the pancreas and human intestinal mucosa, where stellate cells have also been isolated and characterized in normal and inflamed gut mucosa (27) . Intestinal stellate cells display the same basic morphological, phenotypic, and functional characteristics of hepatic stellate cells and also produce collagen in response to traditional stimuli such as transforming growth factor (TGF)-␤. Some cells of nonmesenchymal origin undergo a process of transdifferentiation into mesenchymal cells to become efficient ECM-producing cells. The best example are epithelial cells that, under the pressure of TGF-␤ and other factors, undergo epithelial-to-mesenchymal transition (21, 22) . Another example is mucosal endothelial cells that transform into mesenchymal cells under the pressure of IL-1␤ (F. Rieder and colleagues, work in progress). Other types of cells that may contribute to intestinal fibrosis are pericytes, circulating fibrocytes (CD45-positive leukocytes capable of producing collagen), and bone marrow-derived stem cells (39) , which will be reviewed in detail in this series.
Multiple Soluble Factors Contribute to Intestinal Fibrosis
Another aspect of the intestinal profibrogenic response is to consider the various triggers that activate immune and nonimmune cells to become ECM-producing cells. These triggers include a very vast array of products. Several cytokines and chemokines can activate intestinal mesenchymal cells, and traditionally TGF-␤ has been considered the most potent profibrogenic molecule (46) . TGF-␤ profibrogenic pathways are fairly well defined, but depending on the stage of the fibrotic response this molecule is not necessarily the dominant fibrogenic molecule. In fact, a large number of additional soluble mediators have been reported to activate fibroblasts and enhance ECM production, including insulin-like growth factor I, epithelial growth factor, basic fibroblast growth factor, plateletderived growth factor, IL-1, IL-4, IL-6, IL-13, and IL-21; other soluble mediators have an opposite effect, like IL-10, IL-12, and interferon-␥ (61). Although TGF-␤ is probably the most effective in stimulating ECM production by mature mesenchymal cells, other molecules may instead set the stage for this response at earlier stages of fibrogenesis. For instance, connective tissue growth factor (CTGF) directs fibroblast differentiation in mesenchymal stem/stromal cells and conditions the response of these cells to subsequent stimuli (26) . Thus it is likely that multiple molecules are involved in intestinal fibrogenesis and most are yet to be investigated and their relative contribution defined. A complementary new aspect to be considered in regard to these molecules is that some may be encoded by genetic variants that render them more effective in exerting the profibrogenic activity. Such is the case, for example, for CTGF. Variants of its gene are associated with a more severe degree of hepatic fibrosis in subjects infected with schistosomes (8). This observation makes it possible that patients with particularly severe intestinal fibrosis and strictures, as typically seen in some CD patients, may also have variants of profibrogenic genes, an area that certainly deserve attention and further investigation.
Gut Microbiota Contributes to Intestinal Fibrosis
An increasingly appreciated component of the body's overall homeostasis is the role of the microbiome in health and disease, a concept that must now be taken into consideration in regard to fibrosis in general and intestinal fibrosis in particular. The human organism is composed of ϳ10 12 cells expressing 10 4 genes. Normal commensal microbes are composed of an estimated 10 14 bacteria (in addition to archea, fungi, and viruses) and express 10 6 genes (12). Together, the integration of the mammalian and microbial genomes and metabolic products (metabolomes) creates a superorganism whose health is greatly dependent on the composition and function of the microbial as well as the human component. Within this ground-breaking concept it is extremely important to remember that the bulk of the microbial load is found in the gastrointestinal tract (37) , making the microbiota a dominant force in intestinal health and disease. It is already established that bacterial products can induce a profibrogenic response in mesenchymal cells in vivo (16) . This response is of particular importance in the intestine, and products of the abundant and diversified gut microbiota can activate mesenchymal cells through Toll-like and NOD-like receptors (TLR and NLR, respectively). Evidence of the contribution of the gut microbiota to intestinal fibrogenesis can be found in vivo in various animal models (34, 42, 59) as well as in vitro models. One example is the enhancement of the fibrogenic action of human intestinal fibroblasts in response to TLR5 activation by the ligand flagellin (F. Rieder and colleagues, work in progress). Interestingly, not all bacterial products are profibrogenic, and some of them, like zwitterionic polysaccharides, actually protect against intestinal fibrosis in a model of surgical fibrosis (48) . Thus whether intestinal fibrosis develops or not may depend not only on the type of local inflammatory process but also on the specific composition of the luminal or mucosaadherent microbiota in the affected segment, a notion with potential therapeutic implications.
External Environment Contributes to Intestinal Fibrosis
Whereas the microbiota is part of the internal microenvironment of the gut, this organ is also subject to the influence of the external macroenvironment. The concept that all elements present in the environment can potentially influence disease development is established, and several examples illustrate how environmental factors can lead to lung, liver, and kidney fibrosis (55, 57, 62) . The same is likely to be true for intestinal fibrosis. Several environmental contaminants influence the immune response. A recent example is the skewing of the regulatory T cell-Th17 cell balance by activation of the aryl hydrocarbon receptor, whose ligand is dioxin, a known environmental toxin and also a by-product of the food component tryptophan, and numerous other substances (52) . The number and diversity of environmental factors makes it impossible to study each one of them and determine its profibrogenic potential. Some unexpected factors, however, are emerging and underscore the highly complex nature of how their fibrogenic activity is exerted. Recent reports have shown that obesity is associated with changes in the gut microbiota, with a decrease in bacteroidetes and increase in firmicutes (28, 58) . Obesity induces a state of low-grade inflammation (53) , and various immune abnormalities are present in the fat tissue microenvironment, including loss of Th2 and regulatory T cells, and increase in Th1 and CD8ϩ effector T cells (31) . Although still incompletely understood, these changes predispose to organ inflammation and fibrosis, as firmly established in nonalcoholic fatty liver disease (9) . A similar response may also occur in the intestine, where the combination of bacteria and a high-fat diet results in activation of specific cell types, including leukocytes, endocrine cells, and vascular cells (10) . Although not formally proven yet, it is theoretically possible that intestinal mesenchymal cells can also be affected by obesity, as indicated by a recent report. In this intriguing study obesity was induced in ewes by feeding them a high-fat diet; when their offspring were examined, intestinal inflammation and fibrosis were detected and were sustained up to 2 years after delivery (65) . Thus it is possible that environmental factors not only condition intestinal fibrosis through direct individual exposure but also through prenatal conditioning. Given the enormity and diversity of the external environment, new tools and approaches are needed to evaluate the impact of what has been recently named the "exposome" on intestinal disease in general and intestinal fibrosis in particular (38) .
Novel Inducers and Regulators of Intestinal Fibrosis
In addition to factors known to be relevant to intestinal fibrosis, new inducing and modulatory factors are emerging that must undergo intense scrutiny and investigation. It is now evident that activation of immune and nonimmune cells can be accomplished not only by bacterial products (pathogen-associated molecular patterns) but also products derived from injured cells, the so-called damage-associated molecular patterns (DAMPs) (47) . These include a wide range of products, such as DNA, RNA, ATP, HMGB1, uric acid, fragments of ECM molecules, IL-1␣, IL-18, and IL-33, among others in a rapidly expanding list. Each of these DAMPs can cause "sterile inflammation," a term that describes triggering of an inflammatory response in the absence of any culpable microbial agent (44, 45) . There is limited information on whether and how DAMPs may promote a fibrogenic response, but the cytokine IL-1␣, which belongs to the "alarmin" groups of DAMPs, has been reported to induce a fibrogenic phenotype in fibroblasts of systemic sclerosis patients (23) . Supporting these findings are ongoing studies showing that necrotic epithelial cell-derived IL-1␣ can induce activation of human intestinal fibroblasts (M. Scarpa et al., unpublished observations). It is possible that this response also results in enhanced ECM production, which would establish a link between a typical DAMP and intestinal fibrosis.
Another new aspect is that of novel ways in which profibrogenic responses can be modulated. One such way is through the action of microRNAs (miRNAs), recently identified as key regulators of gene expression that function by repressing specific target genes at the posttranscriptional level (5, 35) . miRNAs have been recently shown to regulate fibrosis and represent a brand new way of looking at regulation of fibrotic diseases (19) . An additional way of regulating fibrosis is through epigenetic modifications, defined as the adaptation of chromosomal regions allowing the modulation of gene expression and perpetuation of local activation or repression states (43) . Recent studies in the kidney link epigenetic histone methylation in mesangial cells to expression of genes associated with fibrosis (54) . The importance of epigenetics in inflammationdriven intestinal fibrosis is substantial, because changes in gene function may become stable and potentially heritable. For example, if epigenetic changes induce a profibrotic fibroblast lineage in response to inflammation, such phenotype may persist in subsequent daughter cells. This will create a subpopulation of mesenchymal cells with the capacity to produce high levels of collagen and other ECM products, which would further promote and perpetuate intestinal fibrosis. Ongoing experiments have detected the presence of high levels of histone H4 lysine acetylation (H4K16Ac) on the collagen gene promoter in human intestinal fibroblasts from fibrotic CD tissue. Since histone acetylation is associated with gene activation, this preliminary observation lends support to the concept of epigenetic regulation of intestinal fibrogenesis (M. Scarpa, S. Kessler, C. Fiocchi, and E. Stylianou, unpublished observations).
Integrating Knowledge: a Sensible Approach to the Pathogenesis of Intestinal Fibrosis
From the above discussion and a growing body of literature, it is evident that the fibrogenic process is a highly complicated and dynamic one and involves a multitude of triggers, cells, molecules, and pathways in all tissues or organs affected. In gastrointestinal fibrosis, a further complexity is added by the presence and diversity of the nearby luminal microbiota. Another key point is the practical observation that, despite the generally accepted argument that intestinal fibrosis is considered an inevitable consequence of chronic intestinal inflammation, notable exceptions exist. Helicobacter pylori-induced gastritis is without a doubt a prototypical example of chronic inflammation, but even minor gastric fibrosis is rarely seen in this condition (4). Another example is celiac disease (gluten-sensitive enteropathy), also a typically chronic inflammatory disease of the upper small bowel, which is not accompanied by fibrosis, even though several of its pathogenic components are shared with IBD (50). Thus, although intestinal fibrosis is most often associated with and induced by inflammation, this is not a universal response. Therefore, events and mechanisms must exist that prevent fibrosis from developing even when all the ideal inflammatory conditions appear to be in place. This apparent paradox underscores our far-from-complete understanding of the intestinal fibrogenic process and its intrinsic variability. At least one reason for this variability is that the factors responsible for chronic gut inflammation interact with and modulate each other, and these same interactions probably occur during initiation, progression, or perpetuation of intestinal fibrosis. Thus, if complexity is the hallmark of intestinal fibrosis, as is the case for many biological processes (14) , a logical approach is to embrace it and extend studies of individual components and contributions to their interactions with other fibrogenic mediators. What is needed to better understand the pathogenesis of intestinal fibrosis is the collection of a large bolus of molecular information and bioinformatic analyses to define networks linked to fibrosis. Such networks can be used to develop diagnostic and predictive models that will give integrated information on the mechanisms and clinical outcomes of intestinal fibrosis, similar to what is being attempted in cancer and other common human diseases (49) .
Clinical and Therapeutic Considerations
The obvious lack of an understanding of the pathogenic events underlying intestinal fibrosis is translated to our current inability to prevent, detect, and treat this condition. Prevention of intestinal fibrosis is out of reach, at least for the time being, until we gain a far more thorough understanding of its pathogenesis. Still, detection of fibrosis and its quantification is making some progress on two fronts. The first is through new imaging modalities, the subject of another review in this series that will discuss this topic in some detail. The second is the development of laboratory markers of intestinal fibrosis. Progress in this area would allow identification of patients at risk and theoretically offer the option of an early aggressive therapy. Presently available tools for prediction of fibrostenosing CD include genetic variants, clinical phenotypes and serological markers. Among multiple genetic variants, those of NOD2 predispose to fibrostenosis of the terminal ileum and a higher risk for need of resection (13) , and the combination of NOD2 variants with other risk variants, like those of the ATG16L1, IBD5, DLG5, and IL-23R genes, further increases the risk of having a stricturing (and fistulizing) clinical evolution and a higher risk of surgery (60) . Clinical phenotypes of higher risk for intestinal fibrosis include ileal involvement, active smoking, long duration of disease, need for corticosteroid therapy, and family history of stricturing disease, but all these factors are nonspecific and are also associated with fistulizing disease (18) . Finally, a number of serological markers are available that have some capacity of discriminating patients at greater risk of complicated CD and risk of surgery (11, 41) , but they predict complications rather than specifically predicting fibrosis. In addition, measurement of several ECM molecules and growth factors has been proposed for detection or prediction of fibrotic CD, but their value and specificity are not yet established.
Considering the restricted value and specificity of current diagnostic and predictive markers of intestinal fibrosis (in CD) and our narrow understanding of the related pathogenic events, it is not surprising that surgical rates for fibrotic complications of CD have remained essentially unchanged for the last three decades despite remarkable advances in the effectiveness of anti-inflammatory therapies (39, 40) . From this important observation one has to infer that controlling intestinal inflammation alone is not sufficient to prevent or eliminate the associated fibrotic response. Thus it follows that fibrosis-specific therapies must be developed, and perhaps therapies specific for intestinal fibrosis, since the underlying pathophysiology may be different from other organs, particularly with regard to the presence of the luminal microbiota. We need to learn how to limit tissue damage, prevent activation of mesenchymal cells or other cell types, block excessive secretion and deposition of ECM components, or learn how to replace fibrogenic mesenchymal cells with new healthy cells. Another review in this series addresses the promise of targeting myofibroblasts for stem cell therapy. All these approaches are being attempted in the management of liver fibrosis (discussed in another chapter of this series) or fibrosis associated with other chronic inflammatory disorders (36, 51, 56) and should be applied to the intestine. Finally, we need to take into account not only how, but also when to intervene in the evolving profibrogenic process. Blockade of NF-B activation in the model of chronic 2,4,6-trinitrobenzenesulfonic acid (TNBS) murine colitis decreases expression of inflammation-promoting genes, but not that of collagen genes (63); moreover, preliminary evidence from a murine model of infection-associated intestinal fibrosis indicates that early removal of the inflammatory stimulus reduces fibrosis, but once the fibrogenic response is set in motion, fibrosis continues to propagate even in the absence of the inflammatory stimulus (20) . Therefore, timing of therapeutic intervention may be a critical variable determining the good or poor outcome of the inflammation-driven fibrotic process. This is a strong reason to focus our investigative efforts on its early pathogenic events.
Challenges in Investigating and Treating the Early Stages of Intestinal Fibrosis
Clinically, intestinal fibrosis is often identified at an advanced stage as a result of clinical symptoms. As mentioned, new and improved imaging modalities are needed to improve detection and early diagnosis. In addition, validated animal models of different gastrointestinal inflammatory disorders and associated fibrosis represent a major obstacle. Another chapter in this series will review animal models. To model fibrosis in CD, an animal model should feature inflammation and fibrosis in small bowel. Relatively few models of IBD develop small bowel inflammation, and fibrosis has been studied in only a handful of these models (2, 42 ). An additional issue for therapy testing and discovery is both ease and reproducibility of the animal model of inflammation and associated fibrosis, and ability to apply the model to genetically or microbially manipulated mice. TNBS and dextran sodium sulfate models offer promise (25, 32) but have limitations in terms of ease and reproducibility (TNBS) or common immune mechanisms with IBD (dextran sodium sulfate). Other needed models are reporter mice to visualize ECM activation, reporter models to visualize and isolate different mesenchymal cell subtypes and mice with mesenchyme subtype-specific expression of Crerecombinase to permit gene disruption in the different mesenchymal cell subpopulations. Such models would open up avenues for defining cell-specific molecular, genetic, or epigenetic mechanisms at different stages of fibrosis, as well as evaluating cell-specific impact and outcomes of therapy.
Concluding Remarks
Fibrosis associated with gastrointestinal inflammation has been understudied relative to its important contributions to tissue dysfunction and disease. This themes series begins to highlight important cellular and molecular mechanisms, knowledge gaps, and technical or clinical challenges that must be overcome to improve our ability to prevent or treat the negative consequences of fibrosis triggered by inflammation. Our goal is to stimulate new directions and cross-talk among organ systems that will facilitate progress in understanding and controlling this natural process that represents an appropriate response to inflammation and tissue injury but that when excessive or uncontrolled leads to major and serious pathophysiological outcomes. 
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